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ABSTRACT 
Cold-formed steel sections are commonly used in low-rise commercial and residential buildings. During fire events, cold-formed 
steel structural elements in these buildings will be exposed to elevated temperatures. Hence after such events there is a need to evaluate 
the residual strength of these structural elements. However, only limited information is available in relation to the residual strength of 
fire exposed cold-formed steel sections. This means conservative decisions are often made in relation to fire exposed building 
structures. This research is aimed at investigating the buckling capacities of fire exposed cold-formed lipped channel steel sections. A 
series of compression tests of fire exposed, short lipped channel columns made of varying steel grades and thicknesses was undertaken 
in this research. Test columns were first exposed to different elevated temperatures up to 800 oC. They were then allowed to cool down 
at ambient temperatures before they were tested to failure. Similarly tensile coupon tests were also undertaken after being exposed to 
various elevated temperatures, from which the residual mechanical properties (yield stress and Young’s modulus) of the steels used in 
this study were derived. Using these mechanical properties, the residual compression capacities of tested short columns were predicted 
using the currently used design rules in AS/NZS 4600 and AISI cold-formed steel standards. This comparison showed that ambient 
temperature design rules for compression members can be used to predict the residual compression capacities of fire exposed short or 
laterally restrained cold-formed steel columns provided the maximum temperature experienced by the columns can be estimated after a 
fire event. Such residual capacity assessments will allow structural and fire engineers to make an accurate prediction of the safety of 
fire exposed buildings. This paper presents the details of this experimental study and the results. 
 
1. INTRODUCTION 
Cold-formed steel members are commonly used as load bearing 
studs in light gauge steel frame (LSF) walls. Inevitably, they can 
be exposed to fires and damaged as seen in Figure 1. Recent 
research has improved the understanding of the behaviour of 
LSF walls under ambient and fire conditions (Telue and 
Mahendran 2001, Telue and Mahendran 2004, Gunalan et al. 
2013, Gunalan and Mahendran 2013a,b, Gunalan and 
Mahendran 2014a,b). In practical applications, cold-formed 
steel studs are likely to be protected by plasterboards and 
insulations, resulting in studs being subject to a non-uniform 
temperature condition during a fire. However, if the maximum 
temperature of the thin-walled studs in LSF walls can be 
estimated in a fire event, their compression strength under fire 
conditions can be determined by a uniform elevated temperature 
design method. Thin-walled and cold-formed steel columns are  
 
 
susceptible to various buckling modes and their interactions, 
and hence exhibit a complex behaviour under fire conditions. 
Local and distortional buckling are the most common failure 
modes of short columns while flexural and flexural-torsional 
buckling are the most common failure modes of long columns. 
These buckling behaviours have been investigated in the past at 
both ambient and elevated temperatures using both 
experimental and numerical studies (Ala-Outinen and 
Myllymaki 1995, Ranby 1998, Kaitila 2002, Feng et al. 2003a, 
Feng et al. 2003b, Chen and Young 2007, Ranawaka and 
Mahendran 2009, Ranawaka and Mahendran 2010, Bandula 
Heva and Mahendran 2012, Gunalan and Mahendran 2013c, 
Gunalan et al. 2014a,b). They showed that ambient temperature 
design methods can be used to predict the elevated temperature 
strengths of cold-formed steel columns reasonably well 
provided appropriately reduced mechanical properties 
(Dolamune Kankanamge and Mahendran 2011) are used in the 
strength calculations.  
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Following fire events, the gypsum plasterboards which protect 
the LSF wall steel studs can be easily removed from the wall 
frames to inspect the damage caused by fire. The structural 
engineer has to then decide if the strength of the light gauge 
steel wall frame is still adequate for future use if lined with new 
plasterboards. The behaviour of structural steel members after a 
fire event has been adequately investigated (Dill 1960, Tide 
1998, Chan 2009, Kirby et al. 1993). However, the behaviour of 
cold-formed steel members after a fire event has not been 
investigated yet. There are also no design guidelines in BSI 
(1990) and ECS (2005) for assessing fire exposed cold-formed 
steel members. As a result of this limited knowledge and 
understanding in this field, over-conservative decisions are 
likely to be made when evaluating the residual capacities of fire 
exposed cold-formed steel members.  
In the event of a fire, the section and member load bearing 
capacities of steel members are mostly affected by the changes 
in their mechanical properties (yield and ultimate strengths, and 
elastic modulus) of steel sections. Current design standards 
contain no information detailing the mechanical properties of 
cold-formed steels after being exposed to elevated 
temperatures. Post-fire mechanical properties of high strength 
structural steels (S460 and S690) were investigated by Qiang et 
al. 2012, who proposed suitable predictive equations. On the 
other hand Outinen and Makelainen 2004 conducted research 
on various structural steels and reported some post-fire 
mechanical properties of cold-formed steels.  
Hence recent research at the Queensland University of 
Technology investigated the post-fire mechanical properties of 
cold-formed steels (Gunalan and Mahendran 2014c) and 
developed suitable equations to predict the residual mechanical 
properties including their stress-strain curves after being 
exposed to elevated temperatures up to 800 oC. Such knowledge 
of the residual mechanical properties as a function of exposed 
temperature in a fire will allow engineers to make important 
decisions in relation to the re-use of fire exposed cold-formed 
steel structural members and frames. Their decision will be 
based on the assumption that the residual member capacities are 
simply proportional to the reduction in their mechanical 
properties. This may not always be true. Post-fire mechanical 
property studies (Gunalan and Mahendran 2014c) showed that 
yield strength was reduced at a faster rate than elastic modulus 
when exposed to elevated temperatures while there was 
improved ductility with increasing exposed temperature. Hence 
there is a need to investigate the residual capacities of cold-
formed steel members subject to various buckling modes such 
as local and distortional buckling. 
It is also not known whether the residual member capacities 
can be calculated using ambient temperature design rules with 
the measured post-fire mechanical properties of cold-formed 
steels in Gunalan and Mahendran (2014c). Therefore in this 
research detailed experimental studies were undertaken to 
investigate the distortional buckling behaviour of light gauge 
cold-formed steel compression members after being exposed to 
elevated temperatures. Ambient temperature design rules were 
modified by including the post-fire mechanical properties and 
their accuracy was investigated by using the test results. The 
measured mechanical properties of cold-formed steels from 
Gunalan and Mahendran (2014c) were used with ambient 
temperature design rules. This paper presents the details of this 
investigation and the results. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Fire damaged cold-formed steel structure. 
 
2. POST FIRE MECHANICAL PROPERTIES 
An experimental study was undertaken at the Queensland 
University of Technology to determine the residual mechanical 
properties of cold-formed steels after a fire event (Gunalan and 
Mahendran 2014c). Tensile coupon tests were conducted on 
three commonly used steel grades and thicknesses (G300-1.00 
mm, G500-1.15 mm and G550-0.95 mm) to obtain their stress-
strain curves and relevant mechanical properties (yield and 
ultimate strengths, Young’s modulus and ductility). G300 grade 
steel with a nominal yield strength of 300 MPa is considered to 
be a low grade steel while G500 and G550 grades steels with 
nominal yield strengths of 500 and 550 MPa are considered 
high grade steels. Ten temperatures were selected in this study: 
20, 300, 400, 500, 550, 600, 650, 700, 750 and 800 oC.  
Elastic modulus was calculated from the initial slope of the 
stress–strain curve. The post-fire reduction factor was then 
calculated as the ratio of the elastic modulus after being 
exposed to an elevated temperature (T) ET to that at ambient 
temperature E given in Table 1. Test results from this study 
showed that steel grade had an influence on the elastic modulus 
reduction factors.  Hence two separate sets of predictive 
equations were developed for low and high grade steels. There 
are two main regions in which the elastic modulus reduction 
factors vary linearly: 700 - 800 oC for low grade steels and 400 
- 800 oC for high grade steels. Hence linear equations were 
developed for the two identified temperature regions to predict 
the elastic modulus reduction factors of low (Equation 1 (b)) 
and high grade steels (Equation 2 (b)) for exposed temperatures 
(Figure 2(a)). 
(a) LSF wall after fire (b) Steel frame after fire 
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Low Grade Steels 
ET / E = 1             for 20 ≤ T ≤ 700 oC        (1a) 
ET / E =1.28 – 0.0004 T  for 700 < T ≤ 800 oC  (1b) 
 
High Grade Steels 
ET / E = 1  for 20 ≤ T ≤ 400 oC  (2a) 
ET / E = 1.15 – 0.000375 T  for 400 < T ≤ 800 oC   (2b) 
 
Table 1: Post-fire elastic modulus and reduction factors 
T 
(oC) 
Elastic modulus (MPa) 
G300-1.00 G500-1.15 G550-0.95 
20 209053 227096 231575 
300 210390 225867 231660 
400 212014 225131 230013 
500 209532 224223 226776 
550 207123 219095 210002 
600 210697 216504 209715 
650 207576 208246 210482 
700 207103 207012 208114 
750 205712 203279 205746 
800 201516 203440 197724 
 
Table 2: Post-fire yield strengths and reduction factors 
T 
(oC) 
Yield strength (MPa) 
G300-1.00 G500-1.15 G550-0.95 
20 351.5 663.9 664.4 
300 324.2 657.3 671.1 
400 323.6 651.3 653.9 
500 306.5 608.6 553.3 
550 300.5 409.1 309.8 
600 308.8 286.4 300.3 
650 297.1 232.8 283.2 
700 254.2 261.7 272 
750 238.9 246.8 260.6 
800 204.0 262.4 241.7 
 
The yield strength reduction factors were calculated as the 
ratio of yield strength after being exposed to an elevated 
temperature (T) fy,T, to that at ambient temperature fy, given in 
Table 2. The yield strength of low grade steel steadily decreased 
as the specimens were exposed to temperatures up to 650 °C. 
After this temperature, it decreased linearly with respect to 
exposed temperature. Equations 3(a) and (b) present the 
proposed equations for the yield strength reduction factors of 
low grade steels. The reduction factors of high grade steels 
showed three main regions after 300 oC: two nonlinear regions 
(300 – 500 and 500 – 600 oC) and one linear region (600 – 
800 oC). Three equations were therefore developed to represent 
them. Equations 4(a) to (d) present the proposed equations for 
the yield strength reduction factors of high grade steels (Figure 
2(b)). 
 
Low Grade Steels 
fyT / fy = 1.005 – 0.00024 T   for 20≤T≤650oC  (3a) 
fyT / fy = 2.02 – 0.0018 T    for 650<T≤800oC (3b) 
 
High Grade Steels 
fyT / fy = 1 for 20≤T≤300oC  (4a) 
fyT / fy = –3.5x10-6 T2+2.15x10-3T+0.67 for 300<T≤500oC (4b)  
fyT / fy = 3.8x10-5 T2–4.63x10-2 T+14.52 for 500<T≤600oC (4c) 
fyT / fy = 0.63 – 0.00035 T for 600<T≤800oC (4d) 
 
(a) Elastic modulus 
(b) Yield strength 
 
Figure 2. Reduction factors versus exposed temperatures. 
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3. EXPERIMENTAL STUDY 
This experimental study was conducted to investigate the 
behaviour of cold-formed steel compression members subject to 
distortional buckling at ambient and exposed temperatures up to 
800 oC. Cold-formed steel specimens were heated up to the 
required temperature and then allowed to cool down at ambient 
temperature. An axial compressive load was applied thereafter 
at a constant rate until failure.  
 
3.1. Test Specimens 
Three lipped channel sections with a suitable length were 
selected based on the available literature, and our elastic 
buckling analyses using a finite strip analysis program CUFSM 
and a finite element program ABAQUS to ensure the 
occurrence of distortional buckling during the compression 
tests. The lipped channel sections used in this study were 40mm 
x 40mm x 5mm with thicknesses of 0.95, 1.0 and 1.15 mm and 
a clear column height of 300 mm. Additional lengths of 10 mm 
were provided at each end to allow for the fixing of specimens 
to the end plates. Cold-formed steel members are available in 
both low and high strength grades. Therefore one low strength 
(G300-1.00 mm) and two high strength (G500-1.15 mm and 
G550-0.95 mm) grades were selected with the chosen 
thicknesses. Eight exposed temperatures (400, 500, 550, 600, 
650, 700, 750 and 800 oC) were selected to investigate the post-
fire behaviour of the chosen lipped channel section columns. 
Hence a total of nine steel columns from each grade were tested 
at ambient temperature and after being exposed to elevated 
temperatures (Table 3). Cold-formed steel specimens heated up 
to 900 oC deformed under their own self weight and hence were 
not considered further in this investigation. 
 
3.2. Test Procedure 
External dimensions and thicknesses of test specimens were 
measured using a vernier calliper and a micrometer screw 
gauge, respectively (Table 3). It is common practice to use the 
base metal thickness in structural calculations. The base metal 
thickness was obtained by removing the coating of cold-formed 
steel specimens by immersing them in diluted hydrochloric 
acid. Thickness measurements were taken at three locations for 
each specimen. Table 3 gives the average base metal thickness 
and the cross-sectional dimensions of 27 test specimens used in 
this investigation. The measured yield strength and elastic 
modulus values of G300-1.00 mm, G500-1.15 mm and G550-
0.95 mm are given in Tables 1 and 2. All the specimens were 
labelled according to the grade, nominal thickness and exposed 
temperature as shown in Table 3. 
An electric furnace shown in Figure 3 was used in this 
experimental study to achieve the desired temperature. The 
thermocouple located inside the furnace gave the air 
temperature of the furnace on the display. Two additional 
thermocouples were placed inside the furnace to measure the 
temperature independently. The specimens were placed inside 
the furnace and the furnace temperature was increased to a 
temperature 50 oC less than the pre-selected value using a 
heating rate of 10 - 20 oC/min. After reaching this temperature, 
it was left for 15 minutes to ensure a uniform temperature 
distribution. The furnace was then set to a temperature 10 oC 
less than the target and left again for 15 minutes. Finally the 
furnace was set to the desired temperature and left for an 
additional 20 - 30 minutes. This method was followed to 
prevent any over-shooting of temperature beyond the target 
value for each test. The specimens were then removed from the 
furnace and placed on a tray to air cool at its own rate.  
 
 
Table 3: Measured dimensions of test specimens  
Test Grade Temp. (oC) 
Web 
(mm) 
Flange 
(mm) 
Lip 
(mm) 
Thickness 
(mm) 
1 G300 20 40.2 40.0 5.0 1.00 
2 G300 400 40.2 39.9 5.0 1.01 
3 G300 500 40.3 40.2 5.2 1.01 
4 G300 550 40.3 40.1 5.0 1.01 
5 G300 600 40.4 40.0 4.8 1.00 
6 G300 650 40.5 40.0 5.0 1.00 
7 G300 700 40.4 40.0 5.3 1.01 
8 G300 750 40.4 39.9 5.0 1.01 
9 G300 800 40.2 40.2 5.2 1.00 
10 G500 20 39.5 39.6 4.6 1.14 
11 G500 400 39.6 39.6 4.8 1.14 
12 G500 500 39.6 39.6 4.7 1.14 
13 G500 550 39.8 40.0 5.2 1.14 
14 G500 600 39.7 40.0 5.0 1.16 
15 G500 650 40.4 40.5 5.4 1.16 
16 G500 700 40.4 40.5 5.4 1.16 
17 G500 750 39.6 40.0 5.3 1.15 
18 G500 800 39.8 39.9 5.0 1.14 
19 G550 20 40.3 39.7 4.3 0.96 
20 G550 400 40.3 39.7 4.3 0.96 
21 G550 500 39.6 39.5 4.3 0.94 
22 G550 550 40.0 39.8 4.8 0.95 
23 G550 600 40.2 39.7 4.8 0.96 
24 G550 650 41.8 39.7 4.7 0.95 
25 G550 700 40.5 40.4 5.1 0.96 
26 G550 750 39.0 40.0 5.2 0.96 
27 G550 800 40.7 40.2 4.9 0.96 
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Figure 3. Electric furnace used for heating the test specimens. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. End support conditions of test specimens. 
 
Figure 5. Test set-up for compression tests. 
All the compression tests were carried out using fixed-end 
supports. To achieve this support condition, special end plates 
were made to fit into the ends of the specimens (Figure 4). The 
end plates were fabricated from two thicknesses of steel plate, a 
20 mm thick base plate and a 10 mm thick top plate. The two 
plates were cut to an approximate diameter of 100 mm and were 
bolted together using 4 M5 bolts. The top plate also featured a 
cut-out of the column profile with a clearance of 10 mm either 
side, to allow the grout to settle and form a strong bond around 
the end of the column member. The split base plate design also 
allowed the base plates to be unbolted after the completion of 
the test, thus facilitating easy removal of hardened grout. The 
specimen was placed in the grove, which was filled with 
procreate coil grout mixed with water. This grout fully hardened 
within 24 hours. The centroid axes of the end plates and the 
specimen cross-section were kept the same while also keeping 
the two end plates horizontal and parallel to each other. Such 
arrangements allowed the application of compression load 
uniformly through the end plates. The compression tests were 
conducted using a 300 kN Instron testing machine as shown in 
Figure 5.  
 
 
(a) G300-1.00 steel section 
 
 
(b) G500-1.15 steel section 
 
Figure 6. Typical load-deflection curves at 800 oC. 
 
 6  
During the tests, axial shortening and out-of-plane 
displacements of specimens were recorded in addition to the 
applied load. Out-of-plane displacements were measured at the 
middle of test specimens using laser LVDTs directed towards 
the web and flange elements. Axial shortening of the specimens 
was measured using the cross-head movement of the machine. 
All the LVDTs and the load channel were connected to a data 
logger system. Figures 6 (a) and (b) show the typical axial 
compression load versus deflection curves for G300-1.00 mm 
and G500-1.15 mm steel specimens, respectively, for an 
exposed temperature of 800 oC. Table 4 presents the ultimate 
load of each test specimen. 
 
Figure 7. Test specimens after being exposed to temperatures 
above 700 oC. 
 
 
Figure 8. Distortional buckling failure modes for an exposed 
temperature of 800 oC. 
 
(a) G300-1.00 specimens 
 
 
(b) G500-1.15 specimens 
 
 
(c) G550-0.95 specimens 
Figure 9. Comparison of load-deflection curves for 
different exposed temperatures. 
 
3.3. Test Results and Discussion 
In general visual observations showed that there was a 
direct relationship between oxide level increase on the 
specimens and exposed temperatures (see Figure 7). This was 
also confirmed by using a thickness gauge to measure the oxide 
thickness. Specimens exposed to temperatures of 700 oC and 
above were found to have a heavy build-up of oxides.  
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In the tests the flanges began to deflect out-of-plane first 
near the column mid-height when the applied load approached 
the ultimate load. This was soon followed by rapid flange 
deformations until the specimen reached its ultimate load. All 
the specimens failed by distortional buckling as shown in Figure 
8. Generally two different distortional buckling modes occurred 
depending on the initial geometric imperfection: both flanges 
moved inward or outward. The ultimate failure loads were 
recorded during the tests and are given in Table 4. Figure 9 
shows the axial compression load versus axial shortening 
graphs of all the test specimens for ambient and different 
exposed temperatures. 
The ultimate loads of different steel grade specimens from 
tests are compared for ambient and exposed temperatures in 
Figure 10 as load ratio versus exposed temperature curves 
where the ultimate loads are expressed as ratios of the ambient 
temperature capacity (load ratio). In some cases this figure 
shows that there was a slight increase in ultimate loads, but this 
was due to experimental variations within a reasonable range. In 
general, it shows that the ultimate loads decrease with 
increasing exposed temperatures. The residual distortional 
buckling strengths of low grade steel columns steadily 
decreased as the specimens were exposed to temperatures up to 
about 650 oC, beyond which it decreased further. The residual 
distortional buckling strengths of high grade steel columns 
appear to decrease steadily up to about 500 oC, beyond which 
there is a sudden reduction up to 600 oC. However, it was found 
that both low and high grade cold-formed steel columns were 
able to regain 90% of their original distortional buckling 
capacities if the exposed temperature was below 500 oC. This is 
to be considered as a significant regain of strength.  
Figure 10 also shows the variation of squash load (Py) for 
each exposed temperature. This is in fact the variation of post-
fire yield strength as a function of exposed temperature. Thus 
by comparing the test ultimate load ratios and squash load ratios 
it can be seen that the reduction in ultimate distortional buckling 
capacity followed a similar trend to that of yield strength. This 
can also be seen by comparing the post-fire yield strength 
reduction factors shown in Figure 2(b) and the test ultimate 
capacity reduction rate in Figure 10. This is expected as the 
elastic modulus reduction was less than 15% even when 
exposed to 800 oC (see Figure 2(a). Since the test ultimate load 
ratios are located above the squash load ratios, it is 
recommended that post-fire mechanical properties alone can be 
used to predict the residual capacities of cold-formed steel 
columns conservatively. The reduction in ultimate capacities 
was less severe than that predicted by yield strength reduction 
factors for both low and high grade steel columns.  
Distortional buckling test results of lipped channel columns 
at elevated temperatures from Ranawaka and Mahendran (2010) 
and our research results were also compared in this study and it 
was found that the regain of column strength increased with 
higher temperatures. The regain of strength was found to be 
higher for low grade steel columns compared to high grade steel 
columns when they cool down to ambient temperatures. 
  
 
(a) G300-1.00 specimens 
 
 
(b) G500-1.15 specimens 
 
 
(c) G550-0.95 specimens 
Figure 10. Ultimate load versus exposed temperature 
4. CURRENT DESIGN STANDARDS 
In this section, the ultimate loads obtained from the tests 
were compared with the predictions from the available design 
equations for cold-formed steel structures (AS/NZS 4600 2005, 
AISI S100 2007 and Direct Strength Method (Schafer 2008)) 
and the measured post-fire mechanical properties reported in 
Tables 1 and 2. The statistical model recommended by AISI 
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S100 was used to determine the capacity reduction factors for 
the values obtained from the current design rules.  
 
Table 4. Comparison of ultimate loads from tests and design 
standards. 
Test 
Pult (kN) Pult ratios 
Test AS/NZS 4600 DSM 
 Test/ 
AS/NZS 
4600 
Test/ 
DSM 
1 30.8 32.2 32.1 0.95 0.96 
2 35.3 31.1 31.2 1.13 1.13 
3 36.2 30.4 30.6 1.19 1.18 
4 31.8 29.3 29.5 1.08 1.08 
5 31.6 29.3 29.3 1.08 1.08 
6 28.6 28.8 29.0 0.99 0.99 
7 29.5 26.6 27.4 1.11 1.08 
8 22.6 24.8 25.5 0.91 0.88 
9 24.0 21.7 22.8 1.10 1.05 
10 54.2 52.7 54.9 1.03 0.99 
11 48.9 53.8 55.3 0.91 0.88 
12 48.4 51.7 52.7 0.94 0.92 
13 44.2 43.8 43.8 1.01 1.01 
14 38.8 34.0 35.1 1.14 1.11 
15 35.9 29.6 31.4 1.21 1.14 
16 37.9 32.5 34.0 1.16 1.11 
17 31.9 30.0 31.4 1.06 1.01 
18 34.9 30.7 31.7 1.14 1.10 
19 38.1 38.4 41.8 0.99 0.91 
20 41.5 37.6 40.8 1.11 1.02 
21 33.2 33.1 35.9 1.00 0.93 
22 25.7 27.6 27.6 0.93 0.93 
23 29.0 26.9 26.8 1.08 1.08 
24 25.9 25.6 25.6 1.01 1.01 
25 - - - - - 
26 29.2 25.1 25.5 1.17 1.14 
27 24.9 23.1 23.4 1.08 1.07 
Mean 1.068 1.041 
COV 0.093 0.096 
φ 0.938 0.911 
 
 
 
4.1. AS/NZS 4600 and AISI S100  
AS/NZS 4600 and AISI S100 give identical design rules 
for distortional buckling and hence only AS/NZS 4600 design 
rules are discussed in this paper. Lau and Hancock (1987) 
developed Equation 5(a) whereas Kwon and Hancock (1992) 
developed Equation 5(b) to extend Lau and Hancock’s curve for 
slender sections which buckle in the distortional mode in the 
post-buckling range. Hence when singly symmetric lipped 
channel sections are subjected to distortional buckling effects, 
after being exposed to an elevated temperature T, the residual 
ultimate load PnT can be obtained as follows, 






−=
odT
yT
yTnT f
f
AfP
4
1  for  fodT > fyT /2      (5a) 








+








−= 237.06.3055.0
2
odT
yT
yTnT f
f
AfP      
       for  fyT / 13 ≤ fodT ≤ fyT / 2   
(5b) 
where A is the area of the gross cross-section; fyT and fodT 
are the yield and elastic distortional buckling strengths of the 
specimen after being exposed to an elevated temperature T. 
 
Table 4 compares the ultimate loads from tests (Pult) with the 
predicted ultimate loads (PnT) from Equations 5(a) and (b) of 
AS/NZS 4600 for the cold-formed lipped channel sections 
exposed to elevated temperatures. The measured yield strength 
and elastic modulus values (fyT and ET) given in Tables 1 and 2 
were used in the calculations. The mean value of the ratio 
between the test and AS/NZS 4600 predicted ultimate loads is 
1.068 while the associated COV and capacity reduction factor 
are 0.093 and 0.938, respectively, for the cold-formed lipped 
channel sections considered in this study.  
 
 
Figure 11. Comparison of test results with code predictions. 
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The ultimate load results (Pult) from the experimental study are 
also plotted using a non-dimensional format in Figure 11, where 
the non-dimensional slenderness λ is defined as odTyT ff , 
and Py is the squash load (AfyT) for exposed temperature T. 
Figure 11 also shows that test results agreed well with AS/NZS 
4600 predictions for fire exposed columns subject to 
distortional buckling. Similar observations can also be made 
from the comparisons in Figure 10. Therefore it can be 
concluded that AS/NZS 4600 design rules for distortional 
buckling can be conservatively used to predict the ultimate 
loads of fire exposed lipped channel sections. 
 
4.2. Direct Strength Method 
The DSM proposed by Schafer (2008) is one of the 
alternative methods to determine the strength of cold-formed 
steel members. It includes the distortional buckling of cold-
formed steel compression members. Therefore its predictions 
were compared with test results from this research.  
Equations 6(a) and (b) give the ultimate loads of 
compression members subject to distortional buckling after 
being exposed to an elevated temperature T. 
yTnT AfP =    for λ ≤  0.561             (6a) 
6.06.0
25.01
























−=
yT
odT
yT
odT
yTnT f
f
f
fAfP   
   for λ > 0.561              (6b) 
with 
odT
yT
f
f
=λ where A, fyT and fodT have been defined 
previously. 
Table 4 and Figure 11 show the comparison of test results 
with Equations 6(a) and (b) predictions. The mean value of the 
experimental to predicted ultimate load ratio is 1.041 while the 
associated COV and capacity reduction factor are 0.096 and 
0.911, respectively, for cold-formed lipped channel sections 
considered in this study. Hence it can be concluded that the 
DSM design rules are able to predict the ultimate strengths of 
compression members, which failed in distortional buckling 
after being exposed to elevated temperatures.  
5. CONCLUSIONS 
This paper has described an investigation into the residual 
distortional buckling capacities of cold-formed steel columns 
after being exposed to elevated temperatures. Twenty seven 
tests were conducted on cold-formed steel lipped channel 
sections made of different grades and thicknesses (G300-1.00 
mm, G500-1.15 mm and G550-0.95 mm) exposed to 
temperatures varying from 20-800 oC. A full description of the 
distortional buckling and ultimate strength behaviour of cold-
formed steel compression members for ambient and exposed 
temperatures is presented in this paper including ultimate loads, 
failure modes and load-deformation curves. It was found that 
cold-formed steel columns were able to regain 90% of their 
original distortional buckling capacities if the exposed 
temperature was below 500 oC. The reduction in ultimate 
capacity followed a similar trend to that of yield strength and 
hence post-fire mechanical properties alone can be used to 
predict the residual capacities conservatively. However, the 
reduction in ultimate capacities was less severe than that 
predicted by yield strength reduction factors for both low and 
high grade steel columns. A detailed comparison of ultimate 
capacity results with those predicted by the current ambient 
temperature design equations in AS/NZS 4600, AISI S100 and 
the direct strength method showed that these equations can also 
be used to predict the residual compression capacities 
reasonably well when appropriately reduced post-fire 
mechanical properties are used.  
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